Abstract
imaging, an extensive image archive, and often cost-free data access are all important. However, Multispectral remote sensing images are some of the most prevalent, easily available, and 119 versatile forms of data available for the Earth Observing glaciologist. There are a variety of factors which 120 must be weighed in choosing an appropriate multispectral sensor; each separate investigation or task 121 requires an imager which is fit for purpose. Major considerations include spatial resolution, spectral 122 resolution (i.e. band wavelengths), radiometric resolution and range, temporal resolution (i.e. revisit 123 time), data cost and ease of access, length of data archive, data availability, and availability of pre-124 processed products. From the range of different options, it is highly unlikely that any one sensor will be 125 optimal for all studies. Nevertheless, sensors were chosen to span a wide range of properties (i.e. spatial 126 scales, spectral bands, and gain settings) and priority was placed on wide use and easy data access. 
157
The results of these comparisons have shown that agreement between spatial scales varies depending on 158 the type of surface and the scale of inhomogeneity. In other words, although it is not immediately 159 intuitive, increasing spatial resolution can decrease classification success. This happens in the case where 160 coarser imagery serves to smooth out spatial inhomogeneity within classes.
161
To the authors' knowledge, no study has directly considered this subject for glaciers. Previous 
235
The first two or three PCs produced from full-spectrum reflectance can be used to create 
264
From the information in the contingency matrix, the most basic statistic is "A," or the overall 265 accuracy agreement. This is the sum of the times for which the classifications agree divided by the total 266 number of samples. Put another way, A is the trace of the normalised contingency matrix (Rees, 2008) .
267
However, random chance can lead to agreement of classes, and therefore A can overestimate classification 268 accuracy.
269
In response, Cohen's Kappa (K, Cohen, 1960) is a statistic which accounts for random effects 270 within the classification comparison and remains an indexed value (i.e. perfect agreement result in K = 1).
271
In this way, K reduces the overestimation of classification success included in A. K values can also be 272 described by qualitative descriptions rather than simply numerical values (Monserud & Leemans, 1992) .
274

Results & Interpretation
275
This study aims to answer the question of what qualities define the best multispectral imagers for 276 glacier surface classification. Therefore, this section begins with spectral and radiometric considerations,
277
transitions to an investigation of the impact of spatial resolution, and then combines the two to understand 278 the advantages and limitations of a range of popular multispectral sensors to glacier surface classification.
3. The data were merged into three larger groups defined as snow surfaces, ice surfaces, and wet surfaces; 285 these three main classes are circled in Figure 3a . Classification success is assessed, and the results
286
presented in Table 1 are ranked in order of descending K. 
293
There is one setup which does not group the wet classes as well as the other sensors: MODIS using bands 294 8 and higher in a low gain setting ( Figure 3o ). This is possibly due to lack of contributions to the LCs 295 from NIR wavelengths.
296
Radiometric resolution on its own does not appear to be important in the "clean glacier" case on 
303
Radiometer properties (i.e. radiance range and gain settings) do appear to play some role in a very similar analysis to Midtre Lovénbreen is performed. All cases are described in Table 2 and 321 presented in Figure 4 . However, the results were merged into only two classes (clean ice and other; this is 322 indicated by the circle in Figure 4a ). Again, classification is assessed using knowledge from fieldwork,
323
and the results are presented in Table 2 
336
and to a lesser extent 2n). Even without restricting spectral range and rounding for radiometric resolution 337 only (no scaling, 16 bit, 12 bit, and 8 bit in Figures 2a, 2b, 2c , and 2d, respectively), saturation does 338 appear to be present in the data; this is because some spectra were measured at higher than 100% 339 reflectance as a result of a specular component of reflectance (see Section 3.5.2).
Indeed, radiometric resolution is overshadowed by other factors. For example, 12 bit MODIS 341 sensors would be expected to perform well given their higher radiometric resolution compared to
342
Landsat's 8 bits. However, MODIS gain settings are tuned for darker land and ocean surfaces and so are 343 less suitable to the task of glacier surface classification. As this demonstrates, radiometric range is more 344 important than radiometric resolution.
345
The importance of radiometric range and gain settings is also demonstrated by ASTER and 
353
The LC1-LC2 biplots for MODIS 8+ in both gain settings (Figure 4o 
364
Ultimately, as can be seen with the K rankings in Table 2 , while a large number of sensors do a 
382
As spatial resolution is varied, the radiometric content of all images remains constant as a control.
383
As alluded to earlier, the impact of resolution will depend on the fractal scale of the surfaces being considered. For this purpose, Midtre Lovénbreen is taken to be a representative glacier surface because 385 there is no reason to believe otherwise. Most classification accuracy and quality assessments suffer from 386 their inability to fulfil some assumptions, namely co-registration and random sampling (e.g. Comber,
387
Fisher, Brunsdon, & Khmag, 2012); this experiment uses all pixels to assess accuracy, and because 388 coarser imagery is created from finer imagery, co-registration is a not an issue.
389
By definition, the detail available in the 2 m results will be blurred out (to the lower resolution), but 
414
To begin to understand pixel-level agreement of glacier surface classification at various resolutions, 415 a majority filter was used to down-sample high resolution images to lower resolutions (see Table 4 ).
416
Because class numbers are not indicative mathematically of their similarity or difference, mathematic 417 convolution would not be meaningful. As would be expected, similarity is the most meaningful between 418 images with similarly sized pixels (see Table 4 ). However, the 2 and 30 m images and 2 and 20 m images resolution and the down-sampled classifications are compared and assessed using A and K (see Table 5 ). 
468
Medium resolution imagery is found to be adequate for the task, and 20 or 30 m imagery is preferable to 469 60 m imagery but not drastically.
470
However, it is important to question how representative the surfaces of Langjökull (spectrally) and sampling locations was based upon the exploration of the field party. For Midtre Lovénbreen, the glacier 473 is small and therefore it is highly unlikely that any major classes were omitted. Langjökull is much larger,
474
and measurements were limited to a single outlet. Nevertheless, Landsat classification of this outlet
475
indicates the presence of the full range of facies along the transect which was used, and therefore it is 476 unlikely that any major classes were omitted there, either.
477
The question then turns to the relative proportion of each class as measured; to an extent, it is 478 important to recognize that these relative proportions will have some impact on the statistics, in particular 
488
It is crucial for this study that the spectra measured on Midtre Lovénbreen and Langjökull (and 
503
Antarctica. Other surfaces which fall outside the remit of this study include those influenced by debris 504 cover, dust, black carbon, and snow algae. It is entirely possible that the LCs presented here will be 505 appropriate for classification of these facies; earlier work (Boresjö Bronge & Bronge, 1999) classified 506 snow and ice zonation in Antarctica (even including sea ice) using PCA as a guide. More work will be 507 needed to confirm or deny this hypothesis, but that is beyond the scope of this study.
508
The analysis of the impact of spatial resolution on classification success raises the question of 
518
it is recognized as a limitation of this study. Investigation of a wider study area would confirm or confine 519 this extrapolation, so it is suggested as a potential future research direction.
520
Accepting the transferability of this study, efficient and effective multispectral glacier surface 521 classification has many implications for glaciological research. The most immediate use is selection of 522 optimal imagery for widespread measurements of AAR (and therefore ELA) as mass balance proxies (e.g. 
533
Other areas of research which will be impacted eventually include, as mentioned earlier, studies 
542
In addition, the transferability of the conclusions about the necessity of medium-to-high spatial 543 resolution has wide implications. It is pragmatic and efficient to identify the lowest reasonable resolution 544 of data to use for studying glacier surface properties. This is especially true if the techniques are going to 
582
In sum, the work presented in this paper has contributed to the understanding of glaciological 583 applications of multispectral remote sensing imagery, a field which will be sure to remain innovative and 584 vital to glaciology for many years to come. Table S2 for further details. Table 2 846 for the details of all individual plots, (a) through (p). The ellipse in Figure 4a highlights the clean ice 847 spectra which were classified as distinct from the rest. 
